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We describe here a simple method to synchronize three TV signals origi- 
nated from noncolocated up-link stations in a satellite Time-Compression 
Multiplexing (TCM) system. In this system, information in three fields of 
each TV picture is compressed into a single field time so that the compressed 
signals from the three sources can be time multiplexed for transmission. The 
up-link synchronization ensures that the Radio Frequency (RF) bursts from 
different sources will arrive at the satellite without collision. Our method 
employs a dynamic master/slave arrangement whereby the first station signing 
on assumes the role of a master. The other stations subsequently can synchro- 
nize their transmissions to the master's by simply monitoring the received RF 
bursts from the satellite, measuring their respective delays to the spacecraft, 
and then phase locking their local color subcarrier clocks to the master's 
transmitted bursts. When the master station stops transmitting, an automatic 
procedure is provided for the second station to take over as the new master. 
The worst-case jitter performance is well below 100 ns, and the initial acqui- 
sition time can be kept less than one-half second. These are more than 
adequate for the present TV application, although further improvements are 
possible if necessary. 

I. INTRODUCTION 

Time-Compression Multiplexing (TCM) is a method of multiplexing 
various signals by time compressing their (analog) waveforms into 
segments in such a way that the compressed segments from different 
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sources can be sent on the same channel in separate time intervals 
(time-division multiplexing). 1,2 Previous published works 3-5 have dis- 
cussed various properties and ways to implement TCM in the trans- 
mission of multiple high-quality TV signals through a single satellite 
transponder of 36-MHz bandwidth. More recently, this idea has fur- 
ther been refined to the transmission with practical hardware of three 
broadcast-quality TVs in a transponder 6 (i.e., the received peak-to- 
peak video to weighted rms noise ratio ^56 dB.) As with other TCM 
systems, one requirement in the latter proposal is that the input three 
TV signals be synchronized, at least to the extent that their vertical- 
blanking intervals overlap. If the signals are colocated in the same up- 
link earth station, it merely implies that frame synchronizers be used. 
However, if they are to be transmitted from separate earth stations, 
then the up-links have to be synchronized. Of course, the up-link 
synchronization is needed to ensure that signal bursts from different 
sources would arrive at the satellite without collision. We show and 
discuss in this paper how this can be accomplished with simple and 
easy-to-implement hardware arrangements. 

Synchronization techniques in communications satellite systems 
have been studied extensively in past years, 7 " 9 mostly in connection 
with digital Time Division Multiple Access (TDMA) applications. 
They could all be used in the present problem of synchronizing three 
TV up-links. However, these previous techniques were designed for 
performance far exceeding the present requirement and hence tend to 
be more complicated than what is needed. More importantly, they 
were meant for digital signals and are not suitable for analog TV 
where the color subcarrier and various sync pulses must bear strict 
phase and frequency relationships and thus cannot be advanced or 
retarded with respect to one another arbitrarily. We will show in the 
next section how a TV up-link station can synchronize its transmission 
by simply monitoring the Radio Frequency (RF) bursts sent by other 
station(s) already on the air. Such an approach enables synchroniza- 
tion between the three stations without a centrally controlled master 
station or clock, without the knowledge of one another's exact location, 
without the demodulation of one another's baseband video, and with- 
out the use of a separate control channel. The only assumption 
imposed is that the three up-link stations be within the down-link 
coverage of the satellite. This is true for satellites similar to Telstar 
III. The hardware implementation is quite simple (Section III) and 
can be realized by conventional equipments and digital circuits. Our 
timing analysis (Section IV) shows that its performance can cover all 
requirements under a variety of worst-case conditions, and simple 
procedures for failure recovery are discussed in Section V. Finally, we 
will make brief comparisons with other methods by showing a number 
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of practical advantages in using the present technique and also discuss 
possible extensions to further improve its performance. 



II. SYSTEM DESCRIPTION 

We outline in this section the basic concept and operation of the 
present method. Detailed parameters and performance evaluation are 
left for subsequent discussions. The system configuration is illustrated 
in Fig. 1, where three up-link earth stations are to transmit their color 
TV signals to a satellite. The TV pictures are assumed to be National 
Television System Committee (NTSC) and are to be time compressed 
with processing prior to transmission so that TCM can be employed. 
More specifically, three fields of each TV are to be time compressed 
into one field period, F, (~l/60s) in a manner previously described in 
Ref. 6. The resulting waveform of a time -compressed TV contains 
successive triplets of a field with picture information followed by two 
blank field periods. The RF transmission of each earth station will 
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Fig. 1— A three TV/transponder TCM system. 
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then consist of bursts, each having approximately one field duration, 
with two blank field periods as separation between successive bursts 
(Fig. 2). The synchronization problem at hand is to align these bursts 
from the three stations so that they arrive at the satellite without 
overlap. All three stations are assumed to be within the down-link 
coverage of the satellite. 

One could design the system, at least in principle, such that the 
entire portion of the vertical-blanking interval («1.4 ms) within each 
TV burst is used for guard time. This would be sufficient to account 
for the diurnal drift of the satellite itself (maximum round-trip delay 
variation of about 500 fis according to Ref. 7). With the exact locations 
of the stations known, simple open-loop synchronization is then 
possible. The drawback of such an approach is twofold. First, the 
deletion of the entire vertical blanking is undesirable in TV transmis- 
sion because a variety of test signals and nonvideo information are 
frequently inserted in this time period. Second, the exact known 
location requirement renders the scheme inflexible for the inclusion 
of transportable transmit earth stations. 

We feel that the deletion of only a portion of a scan line (during 
vertical blanking, say 15 /*s) for interburst guard time is reasonable 
and would not limit or interfere with picture performance. In addition, 
we do not assume that locations of the stations are known to one 
another. Instead, each station is assumed to know only its own 
approximate location, say to within ±100 km. Note that the latter 
assumption is not imposing at all since every station needs some 
location information of its own for antenna pointing purposes anyway. 

To illustrate the operation of the present system, the three up-link 
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Fig. 2— Time-compression processing of a TV signal (F = Field period, T = F minus 
a small guard time). 
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earth stations are labelled A, B, and C. Station A is assumed to be the 
first to transmit. It can do so at will because no other transmission is 
taking place, and its transmission is simply synchronized to its own 
NTSC TV clock. 

We now consider the start-up of B after A has been on the air. 
Station B first monitors the arrivals of the RF bursts from A and 
records their arrival times. Note that B does not have to demodulate 
A's signal; it only needs to detect the RF pulses received. (Indeed, A's 
baseband signal need not be video, as long as its RF timing is otherwise 
compatible.) The RF pulses from A occur in one out of three fields, 
the period is perturbed mainly by the time-varying propagation delay 
between A and B due to the spacecraft motion. Using these arrival 
times, B can extrapolate for the immediate future arrivals of A's 
pulses, and with the knowledge of its own approximate location (±100 
km), B can compute its propagation delay to the satellite with an 
accuracy better than ±1.2 ms (including satellite drift). This estimated 
delay enables the translation of the arrival times of A's bursts from 
the time reference at B to that at the satellite. Using all this infor- 
mation, B can then position the transmission of a narrow pulse so 
that it arrives at the satellite in a time window adjacent to a burst 
from A, but not interfering with it. This narrow pulse is then received 
back by B, and we have an actual delay measurement, done inband, 
between B and the satellite. Once the actual delay is obtained, B can 
derive a windowing signal (frequency = one-third of the TV field rate) 
that denotes the proper transmission times in order to maintain 
collision-free synchronization with A. 

The derivation of this window signal at B would mean the end of 
the problem if the system were for digital transmission. However, for 
TV applications, the picture information cannot be arbitrarily ad- 
vanced or delayed without regard to the phase and frequency relation- 
ships between its color subcarrier and its sync pulses. Therefore, we 
propose frame (or field) synchronizing the TV picture at B to a local 
color subcarrier clock that is in turn phase locked to the aforemen- 
tioned window signal in order to achieve proper transmission timing. 
This will be explained further when we discuss the hardware imple- 
mentation. 

Note that throughout the above procedure of synchronizing B to A, 
the up-link delay from A to the satellite remains unknown to B. This 
is possible because the timing error of B's narrow pulse (as will be 
shown later) is small compared with the start-up guard time allotted, 
i.e., a field period. Subsequent synchronization is maintained by B 
monitoring and updating the delay information and making adjust- 
ments accordingly. In this way, A is the master by virtue of being the 
first comer in the system, and B is locked onto A as a slave. 
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When station C wants to join in for its transmission, it has to go 
through the same procedure as B did, except it would lock onto B 
instead of A. If A drops out of transmission, B would detect that and 
take over as the master, using its own free-running clock, and C would 
stay locked to B. When A wants to resume its transmission later, it 
would have to join in as a slave to C. Therefore, the system assumes 
a dynamic master/slave arrangement where the first comer assumes 
the role of the master. Although this arrangement, as described, can 
only function properly if the three stations join the system sequen- 
tially, the time required by a station to establish itself as a slave can 
be designed to be well within a second, and thus for all practical 
purposes the initialization can be achieved almost instantaneously. 
We will show in the next section how all of these operations can be 
implemented with simple hardware. 

III. HARDWARE IMPLEMENTATION 

We describe in this section the hardware implementation of the 
present method. The following discussion will be divided into two 
major parts. The first part outlines the generation of a window signal 
that marks the proper transmission time for the time-compressed TV 
bursts at the local earth station. This window signal is denoted by 
r(t). The second part explains how r{t) can be used to synchronize the 
incoming TV picture such that its time-compressed bursts automati- 
cally align with the transmission windows. 

The window signal, r{t), is a pulse train with pulse width, T, equal 
to a TV field period minus the guard time and with a repetition rate 
= 1/3F. It is generated by the window processor depicted in Fig. 3. We 
assume that an external clock of eight-times B's color subcarrier 
frequency is made available to the window processor. This («28-MHz) 
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Fig. 3— Window processor for TDM/TCM synchronization. 
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clock is probably necessary for the time-compression operation itself, 
and its use here does not impose any additional burden on the system. 
The other input to the window processor is the received RF envelope 
from the satellite broadcast. In the trivial case of the first station (A) 
to go into the system, the window processor does very little because 
the transmission is free running. Let us consider the operation when 
the second station (B) wishes to start transmission. The received RF 
envelope (at B) is simply edge detected, and the arrival times of the 
bursts from A are recorded using the 28-MHz counter shown in Fig. 
3. (Some accommodation for noise may be required, e.g., first detect 
envelope pulse of duration s=T, then detect edges.) This information 
is supplied to the central controller, which could be a microprocessor 
and/or hardwired logic designed to carry out the windowing procedure 
outlined in the previous section. After acquiring the initial arrival 
times of the bursts from A, the central controller makes a crude 
estimate of the future arrival times. Furthermore, based on its location, 
it can compute an approximate delay to the satellite. Putting all these 
together, the controller produces a narrow pulse (pulse width <cT) via 
the narrow pulse generator and sends it via the switch Si (in the lower 
position) to the transmitter. This narrow pulse will arrive at the 
satellite well within a predetermined time slot without collision with 
A's transmission. The return of this narrow pulse from the satellite 
completes a round-trip delay measurement that is then used to refine 
the arrival-time estimates. After a few cycles of this operation, the 
proper transmission time windows, r(t), can be established by gener- 
ating a sequence of pulses from the T-second pulse generator with S a 
switched to the upper position. Note that the pulse width and repeti- 
tion rate of these T-second pulses are both computed using B's 28- 
MHz clock. A representative r(t) is shown in Fig. 4a. The label output 
distinguishes the master from the slaves, and will be discussed later. 

Before describing the rest of the hardware implementation, we show 
in Fig. 4 the conceptual sequence of operations needed to complete 
the synchronization. The transmission window is established by r(t) 
in Fig. 4a. We use this to align (or phase lock) a composite TV sync 
signal, s(t), such that every third, vertical sync pulse in s(t) straddles 
the beginning of a transmission window (Fig. 4b). The sync signal, 
s(t), is then used to synchronize an incoming video, resulting in x s (t), 
as shown in Fig. 4c. Finally, the video, x s (t), can be time compressed 
to obtain x c (t) (Fig. 4d), which is in synchronism with the transmission 
windows. The complete hardware to do all these is shown in Fig. 5. 

Referring now to Fig. 5, the TV signal, x(t), is passed through a 
frame synchronizer (and/or time base corrector) whose reference sync 
signal, s(t), is derived from the TCM synchronizer. The frame syn- 
chronizer aligns x(t) to x s (t) (Fig. 4c). The subsequent time compres- 
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Fig. 4— Illustration of synchronization procedure. Horizontal sync, color burst, etc., 
are now shown. 



sion on x s (t) is done in the time-compression processor previously 
described in Ref. 6. In this example, we assume that the time-compres- 
sion processor requires three clock inputs in addition to the incoming 
video: a four-times color subcarrier clock («14 MHz), an eight- times 
color subcarrier clock («28 MHz), and the transmission window signal, 
r{t). The time-compressed video, x c (t), is ready for immediate trans- 
mission through the FM modulator and the rest of the system. The 
pin modulator shown after the FM modulator is included to ensure 
the proper transmission timing as well as to enable the transmission 
of the narrow pulses at start-up. 

As for the TCM synchronizer, its output is s{t), as mentioned 
previously, and its input is the received RF envelope from the satellite 
broadcast. From the detected RF pulses, the window processor (Fig. 
3) generates either r(t) or the narrow pulses, depending on its state. 
When it is in the delay measurement mode, i.e., narrow pulses are 
being generated, the rest of the TCM synchronizer is free running. 
After r(t) is generated, an internal 3.58-MHz color subcarrier is phase 
locked onto r(t) via a TV sync generator and appropriate dividers as 
shown in Fig 3. This simple scheme ensures that the composite sync, 
s(t), is synchronized with the transmission windows, r{t). The label 
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output of the window processor causes short RF pulses to be generated 
in the guard time in order to distinguish master from slaves. More 
discussion of labels will follow. 

IV. TIMING ANALYSIS 

Two important timing parameters reflecting the performance of the 
synchronization method are considered here: the initial acquisition 
time and the subsequent timing jitter in steady state. In our case of 
TV broadcasting, transmission is usually planned ahead of time and 
thus an initial acquisition time of, say, a few seconds should be 
adequate. However, faster acquisition is probably desirable in the case 
of failure recovery, as will be discussed later. 

The guard time needed between bursts from different users is 
obviously determined by the timing jitter of the synchronization 
method and is a rather critical parameter. In the present system, each 
RF burst has the duration of a TV field time minus guard time, and 
the TCM synchronizer at the transmit earth station has to detect 
these bursts individually in order to start, as well as to maintain, lock- 
up. Therefore, we must ensure that some detectable gap always exists 
between successive bursts. Since we have the freedom to choose how 
to segment the original TV into three-field groups before compression, 
we may as well do it in a way that creates a small gap, and therefore 
we propose that the segmentation be done during a line of the vertical- 
blanking interval, which contains no information. Furthermore, we 
deliberately delete from transmission a portion of that line, thus 
generating a gap between bursts that could amount to, say, 15 us. This 
deletion during vertical blanking does not affect the video quality 
because it is done where there is no information. The resulting benefits 
of this are twofold: we have created the necessary time gap between 
bursts from different stations; and we have a sizable guard time of 
15 /is to accommodate the timing jitter (and to include labels to be 
described in Section V). 

The major causes and their effects on the steady-state timing jitter 
in our system are summarized in Table I. We now discuss briefly the 

Table I — Summary of timing jitter 
performance 



Parameter 


Jitter 
(ns) 


Delay measurement uncertainty 

Up-link delay drift 

Down-link delay drift 

Clock resolution 

Field-rate jitter 

Total 


±22 
±11 

±1 
±17 

±0 
±51 
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meaning of each entry in the table, while the detailed derivation is left 
to the appendix: 

1. Delay measurement uncertainty — Delay measurement is made 
either via the narrow pulses or by the monitoring of the up-link's own 
returned TV bursts. In either case, a local 28-MHz clock is used to 
record the time elapsed, and the clock resolution is limited to half a 
cycle. It is implicit that fixed delays through the satellite and earth 
station hardware can be calibrated out from the raw measurement. 
Since this measurement is done in the communication band, propa- 
gation effects are automatically minimized. 

2. Up-link delay drift — This refers to the up-link delay variation 
from station A to the satellite, which is not known to station B. It is 
time varying because of the spacecraft motion. This cannot be elimi- 
nated because we assume station B does not know A's location or have 
any ranging information on the propagation from A to B. 

3. Down-link delay drift — This refers to the down-link delay vari- 
ation between the satellite and station B. It is also time varying 
because of the spacecraft motion, but it is trackable via the delay 
measurement at B. A simple linear prediction should almost eliminate 
this. 

4. Clock resolution — This is the limitation in the TCM synchro- 
nizer to time itself for the exact instant to start transmission due to 
the finite clock resolution (half a cycle in the 28-MHz clock). 

5. Field-rate jitter — B and C are trying to lock to the inherent jitter 
in the RF bursts from A. However, if A's TV source conforms to the 
NTSC standard, this is so small that it can be dropped for all practical 
purposes. Otherwise, this item must be included in the table. 

As we saw in Table I, the steady-state jitter is so small compared to 
the 15 us guard time that under normal circumstances the system can 
be regarded as jitter free. 

We now make a worst-case estimate of the initial acquisition time. 
It is convenient to make the simplifying assumptions that the system 
is jitter free and the satellite is truly stationary. The resulting error 
due to these assumptions is only in the order of less than 100 ns, while 
the acquisition time, as will be shown below, is in the order of a second. 
Again we will treat the case of station B trying a cold start after 
station A has already been on the air. 

After turn-on at station B, the window processor needs to monitor 
a few received bursts from A before it can position its narrow pulses 
for delay measurements. Since the bursts from A are arriving every 50 
ms, the monitoring takes ~150 ms. After this 150-ms listening period, 
the narrow pulses are sent for delay measurements, and in order to 
allow for two delay measurements, we need a maximum of «500 ms. 
Therefore, after ~650 ms have elapsed since turn-on, the synchronizer 
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has completed the delay measurements and can compute the near- 
past, current, and near-future arrival times of A's bursts at the 
satellite. At this point, transmission can commence in the next avail- 
able time slot, which in the worst case involves a delay of three field 
periods («50 ms). Putting everything together, we have a worst-case 
total of «700 ms between initial turn-on and the first TV transmission. 
Such an acquisition time certainly meets our objective of keeping it 
below a second. In fact, a potential saving of «250 ms exists if we do 
a single narrow pulse delay measurement instead of two. Therefore, 
we conclude that our acquisition time is less than one-half second 
with a single delay measurement and less than one second with delay 
verification. 

V. FAILURE RECOVERY 

In any prudent system design the possibility of failure of certain 
components must be taken into account. Here, we desire that the 
failure of one channel does not disrupt the transmissions of the 
remaining channels. In order to facilitate this, we provide for a labeling 
mechanism, in which the window processor causes short RF pulses to 
be transmitted immediately following the video RF burst, i.e., at the 
beginning of the guard time. These pulses are then used to distinguish 
the master from the slaves, as well as to detect anomalies. 

For example, station A (being the master) could transmit three 
pulses. Station B, the next in command, would send two pulses, and 
station C, one pulse. Additional pulses could identify the up-link 
station or, alternatively, this information could be embedded in the 
baseband video. 

The window processor keeps track of time and labeling of all received 
RF bursts, and is ready to accommodate to any change in operating 
conditions. For example, if A finishes its transmission and goes off 
the air, B becomes the new master transmitting three pulses, and C 
becomes second in command transmitting two pulses. 

It is never possible to predict all failure modes. The best we can do 
is accommodate the most likely ones. For example, a brief up-link 
failure will not be detected at any earth station (including, possibly, 
the faulty one) for about 240 ms, and during that time it is possible 
for transmission to resume. Moreover, corrective action by the faulty 
earth station will not be known to the remaining ones for another 240 
ms. Thus, in the case of an up-link failure at master station A, station 
B should not try to take over as master immediately. Otherwise, there 
would be the possibility of two masters existing at the same time. In 
any event, as soon as station A determines that its up-link is unreliable, 
it should resign as master. This could be done by not transmitting any 
pulses following its video RF burst. The other stations would recognize 
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this condition and assume their proper responsibilities, after which 
station A would begin transmitting a single pulse designating itself as 
last station aboard. 

In the case of a down-link failure, continued operation is not possible 
unless the faulty station is master. If it were not already the master, 
it could take over this role by sending, say, four pulses following the 
video RF burst. The other stations would then recognize this condition 
and assume their proper responsibilities. 

In the case of an earth station power glitch, transmission would 
have to cease immediately and the start-up procedure would be rein- 
voked, since the window processor would, in all probability, lose its 
timing information. Such a restart could be speeded up considerably 
if nonvolatile memory were provided, however. 

VI. COMPARISONS AND DISCUSSIONS 

As mentioned previously, a number of synchronization methods are 
applicable to solve the present problem. The most obvious one is 
probably that of a centrally controlled station broadcasting a master 
sync to all three up-link stations. Within this broad class of techniques, 
a large variety of alternatives are possible. As an example, one fixed 
station may be assigned as the master and the other stations must 
lock their transmissions to the master; a master sync marker may be 
broadcast to all stations by a centrally controlled station, and the 
marker could contain sufficient information to TV field and color 
subcarrier synchronizations, as well as ranging data for extremely fast 
open loop acquisition. In fact, only one such master is needed for the 
whole satellite system. Its main advantages are that fast acquisition is 
possible, and the various up-link stations do not have to monitor one 
another's transmissions, although the hardware implementation at 
each up-link station is certainly not simpler than our method. The 
key concern, though, is the reliability of the master station — its 
maintenance and hardware complexity. A single up-link failure at the 
master station would immobilize the whole system. In contrast, our 
method would tolerate quite a combination of different failures because 
an automatic takeover procedure exists for the master assignment. 
Any single up-link or down-link failure at a station can interrupt 
service only at that station and has no bearing on the rest of the 
system. 

It is possible to use a separate channel to perform interstation 
ranging as proposed in Ref. 9. The bandwidth requirement for this 
ranging channel is critically determined by the rise time of the ranging 
pulses, which, in turn, affects the resulting synchronization accuracy. 
Therefore, the addition of this ranging channel could be an imposing 
requirement in the system. 
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Improvements in the jitter performance and the acquisition time in 
our system are both possible. The up-link drift could be removed if 
the up-link delay information from each station were inserted into 
one of the vertical-blanking pulses, and the stations could then de- 
modulate for these data. Higher clock frequencies could be used in 
the delay measurement, thereby decreasing its uncertainty. This would 
also increase the time resolution of system and thus enable the 
synchronizer to time the transmissions more accurately. As for the 
acquisition time, if an accurate site location plus its up-link delay were 
provided by the first (or the master) station in one of its vertical- 
blanking pulses, then the other stations could compute their respective 
delays to the spacecraft without performing the narrow pulse mea- 
surements, resulting in a significant reduction in the acquisition time. 

VII. CONCLUSIONS 

We have described a method of synchronizing up-link earth stations 
in a TCM system where the stations take turns transmitting TV 
information in bursts, each lasting for a field duration. The technique 
is simple and requires only that the stations receive their own as well 
as others' transmissions. It has a dynamic master/slave arrangement 
whereby the first station signing on assumes the role of a master. The 
other stations subsequently can synchronize their transmissions to 
the master's by simply monitoring the received RF bursts from the 
satellite, measuring their respective delays to the spacecraft, and then 
phase locking their local color subcarrier clocks to the master's trans- 
mitted bursts. When the master station stops transmitting, an auto- 
matic procedure exists for the second station to take over as the new 
master. As a result, any single up-link or down-link failure can only 
affect the station involved, and there is no need to have centralized 
control. Most of the hardware in the synchronizer can be implemented 
digitally. The worst-case jitter performance in the system is well below 
100 ns, while the initial acquisition time can be kept to less than one- 
half second. These are more than adequate for the TV application, 
and we conclude that the proposed method offers a practical means to 
synchronize the three up-links in our TCM system. 
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APPENDIX 

Parameters for Timing Jitter 

We show briefly here the derivations for the various contributions 
to the steady-state timing jitter (Table I). The following estimates are, 
by and large, worst-case and very conservative. 

A. 1 Delay measurement uncertainty 

The slave stations have to measure their respective delays to the 
satellite in order to start, as well as to keep, synchronized with the 
master. This is done in the beginning via the narrow pulses, and then 
it is updated continuously via the monitoring of its own returned 
bursts. The delay is, of course, measured from edge to edge in the 
transmitted and received RF bursts. Given a 36-MHz RF channel 
bandwidth, the fastest RF pulse rise time is in the order of 30 ns. If 
we have to measure delay from one edge to another, an accuracy of 
±5 ns seems reasonable. In addition, the clock used for the measure- 
ment is resolution limited due to its finite frequency («28 MHz, or 
eight-times color subcarrier frequency). The uncertainty due to this 
clock is about ±17 ns, yielding a total uncertainty of ±22 ns. 

A.2 Up-link delay drift 

In the absence of any knowledge of the master's (or A's) location, a 
slave station (or B) cannot predict the up-link delay from the master 
to the satellite. Furthermore, this up-link delay is time varying due to 
the motion of the spacecraft. The net result is that B's prediction of 
the near-future burst arrivals from A can never be exact, even though 
the down -link delay between B and the satellite can be predicted 
exactly. To illustrate this point, let us consider a burst transmitted 
from A to B at t — 0. The up-link delay (from A to the satellite) is Uq; 
the down-link delay (from the satellite to B) is d ; and the delay 
through the satellite is conveniently chosen to be zero. The arrival 
time of this burst at B is simply 
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To = Uo + do- 

Now, at a later instant t = t lt A transmits another burst to B. The 
corresponding up-link and down-link delays are Ui and d lt respectively. 
Again Uq ¥= U\ and d =h d x because of the spacecraft motion. The 
arrival time at B is then 

Ti = Mi + di + ti. 

In order to predict 7\ at B at the time T , B has to compute 

Ti - T = (ui - uo) + (rfi - do) + h, 

where ft is known to B because A is transmitting at a fixed rate; (di - 
do) can be extrapolated based on B's delay measurements; but the 
quantity (i/i - Uo) cannot be estimated without knowing A's location. 
In this example, (ui - Uq) is simply the up-link delay variation for A 
due to the spacecraft displacement in the time interval fe. As such, an 
easy upper can be written as 

\u l - Uo\^cuti, 

where c is the velocity of light; v is the radial velocity of the spacecraft 
toward or away from an earth station; and fri, the time interval, is 
understood to be small compared to a day. If we replace u by the 
highest radial velocity of the spacecraft, and t x by the round-trip 
satellite propagation delay (ss300 ms), we have a worst-case estimate 
on the up-link delay drift. According to an example given in page 149 
of Ref. 8 and comparisons to data from more recent communications 
satellites, 10 a convenient upper bound on the spacecraft radial velocity 
in geostationary orbit is 10 m/s. Using this, the worst-case up-link 
delay drift is ±10 ns. 

A.3 Down-link delay drift 

With the spacecraft radial velocity limited to 10 m/s and continuous 
updates on the delay measurement, we feel that the down-link delay 
drift can easily be computed with an accuracy an order of magnitude 
lower than the up-link delay drift, or about ±1 ns. 

A.4 Clock resolution 

Using a 28-MHz clock, the resolution is about half a cycle or ±17 

ns. 

A.5 Field-rate jitter 

This refers to the jitter in the rate at which the master station is 
transmitting its RF bursts. The burst transmission is of course gov- 
erned by the TV field rate, and only one burst is sent in every three 
fields. The NTSC standard specifies that the color subcarrier fre- 
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quency (3,579,545 Hz) must be stable within ±10 Hz and cannot vary 
more than 0.1 Hz/s. For a worst-case situation, we assume that the 
color subcarrier is at the lowest value, i.e., 3,579,535 Hz. It then drifts 
at the maximum rate of 0.1 Hz/s. Thus, at the end of a second, the 
new frequency is 3579535.1 Hz. The difference in TV field period 
derived from these two frequencies is only 7.8 X 10~ 15 s. The net result 
is that the TV field rate is jitter free over a short period of time, say a 
few seconds. Moreover, this implies that a much less stable color 
subcarrier frequency is still quite compatible with our synchronization 
system. 
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